Objective: Several publications have established a relationship between sperm DNA damage and male factor infertility, based on data from America, Europe, and Asia. This study aimed to compare the extent of sperm DNA damage in sperm samples from Nigerian men with unexplained infertility and in sperm samples from a fertile group composed of sperm donors who had successfully impregnated a female partner naturally or through assisted conception. Methods: A total of 404 men underwent male fertility evaluation at Androcare Laboratories and Cryobank participated in this study. Semen analysis and a sperm chromatin structure assay (SCSA) were performed on all subjects. Results: The men in the unexplained infertility group were slightly older than the men in the fertile sperm group (36 ± 10 years vs. 32 ± 6 years, p= 0.051). No significant difference was observed between the two groups in semen analysis parameters (p≥ 0.05). Men in the unexplained infertility group with normal semen parameters had a significantly higher DNA fragmentation index (DFI) than men in the fertile sperm group (27.5% ± 7.0% vs. 14.1% ± 5.3%, p< 0.05). In the unexplained infertility group, 63% of the men had a DFI greater than 20%, compared to 4% in the fertile sperm group. In the unexplained infertility group, 15.2% of the subjects had a DFI greater than 30%, compared to 1% in the fertile sperm group. Conclusion: Our study showed that the SCSA may be a more reliable predictor of fertility potential than traditional semen analysis in cases of unexplained infertility.
Introduction
Infertility is defined as the inability to achieve pregnancy after 1 year of regular unprotected sexual intercourse [1] . Approximately 20% to 46% of married couples in sub-Saharan Africa, including Nigeria, are unable to achieve pregnancy successfully within 12 months of regular intercourse [2] . In 50% of the cases, the cause is attributed to the male partner [3] . A semen analysis is usually recommended to evaluate the fertility potential of the male partner. This test assesses parameters such as semen volume, sperm count (concentration), motility, and morphology [4] . Although this test has been helpful over the years in diagnosing male infertility, evidence suggests that it has failed to detect many causes of male factor infertility [5] [6] [7] . A pilot study of 28 infertile men with normal semen parameters found that 89.2% of the subjects had a high percentage of sperm DNA damage [8] . These findings indicate that men who have normal semen parameters can still be infertile. Most commonly, such men are classified as having unexplained infertility [9] . What is "unexplained" in this category of infertility is that tests have not been carried out to ascertain the quality of the sperm in terms of DNA integrity and ability to fertilize or interact with the cervical mucus and/or oocyte.
Sperm DNA integrity can be defined as the absence of fragmentation of the sperm DNA in the form of double or single strand breaks, which may occur at any stage from the transformation of the spermatogonia to the ejaculated spermatozoa [10] . The integrity of sperm 102 DNA can be compromised by the following factors: apoptosis during spermatogenesis; strand breaks during chromatin remodeling and packaging; post-testicular DNA fragmentation induced by oxygen free radicals during transit through the male reproductive tract; DNA fragmentation induced by endogenous endonucleases; DNA damage induced by radiotherapy and chemotherapy; and DNA damage induced by environmental factors, such as smoking and air pollution [11] . Damage to sperm DNA integrity has been documented as a significant contributor to male factor infertility [12] [13] [14] [15] . A number of tests have been developed to detect sperm DNA damage, including the terminal deoxynucleotidyl transferase-mediated dUDP nick endlabeling (TUNEL) assay, the single-cell gel electrophoresis (comet) assay, and the sperm chromatin structure assay (SCSA) [16] [17] [18] .
The SCSA is the only one of these assays with clinically standardized cut-off values for predicting male fertility potential [19, 20] . This procedure uses a flow cytometric test and SCSA software to evaluate approximately 5,000 to 10,000 sperm DNA breaks indirectly through DNA denaturability in few seconds [21] .
In this study, the SCSA method was used to evaluate sperm DNA damage in Nigerian men with unexplained infertility. We examined the outcomes of the SCSA in semen samples categorized as normal according to the seminal analysis criteria of the World Health Organization (WHO), in couples who were unable to achieve pregnancy without assistance after 1 year of regular intercourse.
Methods

Study population
A total of 404 men 23 to 46 years of age who underwent male fertility evaluation at Androcare Laboratories and Cryobank from September 2013 to May 2015 participated in this study. Of the initial sample, 74 men were excluded from this study because the female partner failed to meet the inclusion criteria or the male partner had a history of chemotherapy, radiotherapy, chronic illness, or varicocele. Of the remaining participants, 172 were men with unexplained infertility, while 158 were men with normal semen parameters who sought to be sperm donors. This study was approved by the institutional review board of Androcare Laboratories and Cryobank. The sperm donors selected had a documented history of successfully impregnating a female partner naturally or through assisted conception. All participants were informed about this study and signed a consent form.
Male partner evaluation
Participants were recommended to abstain from sexual intercourse for 2 to 5 days before the semen analysis. Semen was produced through masturbation in a 20-mL universal bottle within the laboratory premises. The analyses were performed within 30 minutes of ejaculation. A Makler chamber (Sefi-Medical Instruments, Haifa, Israel) was used to assess sperm count and motility. The semen parameters were classified according to the 2010 WHO criteria. Male partners with a semen analysis report below the WHO range for normospermia were excluded from subsequent evaluation.
Female partner evaluation
The age of the female partner was documented, and each female partner underwent assessments including a hormonal assay, hysterosalpingography, and a baseline ultrasound. Hormonal assays were performed on the third day of the menstrual cycle, and only female partners with a follicle stimulating hormone level < 10 mIU/ mL, a luteinizing hormone level < 15 mIU/L, and a body mass index < 30 kg/m 2 were included. A 15-mL plain tube was used to collect 10 mL of blood, which was analysed in a Stat Fax 4200 (Awareness Technology Inc., Palm City, FL, USA) after serum separation. Couples in which the female partner had a blocked fallopian tube, an abnormal hormonal profile or anovulation, a uterine disorder, endometriosis, cervical factor infertility, ovulatory factor infertility, peritoneal factor infertility, immunological factor infertility, or was above 37 years of age were excluded from this study.
SCSA
Aliquots of the raw semen sample produced for analysis were separated in a 15-mL conical tube. The concentration of the sperm cells was diluted with Tris and NaEDTA buffer to 1-2 × 10 6 /mL, as previously described [15] . Then, 0.2 mL of the diluted semen was separated into a 5-mL round bottom tube and 0.4 mL of 0.08 M HCl (0.15 M NaCl, 0.1% Triton-X 100 pH 1.2, 4°C) was immediately added. Thirty seconds later, 1.2 mL of acridine orange staining solution (0.037 M citric acid, 0.126 M Na2HPO4, 0.001 1 M disodium EDTA, 0.15 M NaCl pH 6.0, 4°C ) containing 6 g/mL of electrophoretically purified acridine orange was added and placed in the flow cytometer. The flow process was continued until 10,000 cells per sample were assessed. We used an epic XL flow cytometer (Beckman Coulter Inc., Miami, FL, USA) and SCSAsoft (SCSA Diagnostics, Brookings, SD, USA) to generate a native DNA/fragmented DNA cytogram, a total DNA stainability/DNA fragmentation index (DFI) scattergram, and a DFI frequency histogram. Based on these measurements, we were able to identify spermatozoa with high levels of DNA damage and stainability
Statistical analysis
The DFIs of men with unexplained infertility and men in the fertile sperm group was determined. The percentage of men with a DFI at or above a given threshold in the two groups was compared using Fisher's exact test. Statistical analysis was performed using SPSS ver. 
Results
Men in the unexplained infertility group had a significantly higher DFI than men in the fertile sperm group (27.5% ± 7.0% vs. 14.1% ± 5.3%, p <0.05). The characteristics of the unexplained infertility group, the fertile sperm group, and their female partners are presented in Table 1 . No significant differences were found between the two groups regarding seminal fluid parameters. In the unexplained infertility group, 63% of men had a DFI > 20%, compared to the 4% in the fertile sperm group. In the unexplained infertility group, 15.2% of the men had a DFI greater than 30%, compared to 1% in the fertile sperm group.
Discussion
In most cases of infertility, the workup is restricted to gynecological evaluation and semen analysis. Men are often categorized as fertile if their semen analysis is within the WHO normal range. A man classified as fertile by these poor predictive parameters may attribute the cause of their childlessness to the female partner. It is now becoming clear that high sperm DNA fragmentation may be the responsible factor in most couples with a history of unexplained infertility. Of the several mechanisms by which sperm DNA fragmentation can occur, the most devastating is post-testicular damage that occurs during sperm transport through the epididymis [11] . This damage is caused by high levels of reactive oxygen species produced by immature sperm that co-migrate with mature sperm.
Approximately 40% of all unexplained infertility cases have been reported to have a high DFI [21] . In our study, we found a DFI greater than 20% in 63% of men with unexplained infertility compared to 4% in the fertile sperm group. The DFI was greater than 30% in 15.2% of men with unexplained infertility compared to 1% in the fertile sperm group. DFI values between 20% and 30% have been associated with poor fertility potential [15, 22] . Performing SCSA along with the traditional semen analysis could be helpful in predicting fertility potential. Performing SCSA could lead many men categorized as having unexplained infertility to make better decisions. For example, most couples with unexplained infertility are often advised to keep trying to achieve pregnancy naturally. This may go on for a number of years, and by the time they eventually decide to pursue assisted conception techniques such as intrauterine insemination (IUI) or in vitro fertilization, the chance of conceiving may be significantly affected by the female partner's age. In our study, we excluded female partners with a blocked fallopian tube, high body mass index, abnormal hormonal profile, uterine disorders, endometriosis, or who were above 37 years of age. This was done to avoid female factor infertility, which may have affected our results.
DFI values greater than 30% have been associated with poor or no chance of conceiving, even with IUI treatment [23] . In such men, SCSA could play a useful role, because they may be counselled to undergo direct intracytoplasmic sperm injection treatment [24] , thereby saving valuable time and resources that would have been wasted trying IUI. We did not find any significant difference in the semen analysis between the unexplained infertility group and the fertile sperm group. This highlights the poor predictive value of semen analysis compared to the SCSA. This is not surprising, since the WHO parameters only address a few aspects of sperm quality and function.
Our data indicated that sperm with high levels of DNA damage were more common in the unexplained infertility group than in the fertile sperm group (mean DFI values, 27.5% ± 7.0% vs. 14.1% ± 5.3%; p <0.05). The high levels of DNA damage in sperm in the unexplained infertility group may compromise embryo development in this group. This can be explained by the fact that development in early cleavage embryos is often driven by the maternal oocyte, and at this stage the male genome (sperm DNA) is silent [25] . Subsequent developments that require a concerted contribution from both the maternal and paternal genome may be affected adversely if the sperm DNA is damaged. The resulting embryo is more likely to experience developmental challenges, implantation failure, or miscarriage.
Our study showed that the SCSA is a more reliable predictor of fer- tility potential than traditional semen analysis in cases of unexplained infertility. Laboratory professionals and clinicians, especially in Nigeria and in Africa as a whole, may not have sufficient information regarding the strong evidence that links sperm DNA damage and infertility. Here, we present the SCSA as a useful predictor of fertility, especially in couples with a history of unexplained infertility.
